Murphy MN, Mizuno M, Downey RM, Squiers JJ, Squiers KE, Smith SA. Neuronal nitric oxide synthase expression is lower in areas of the nucleus tractus solitarius excited by skeletal muscle reflexes in hypertensive rats. Am J Physiol Heart Circ Physiol 304: H1547-H1557, 2013. First published April 5, 2013; doi:10.1152/ajpheart.00235.2012.-The functions of the skeletal muscle exercise pressor reflex (EPR) and its mechanically sensitive component are augmented in hypertension producing exaggerated increases in blood pressure during exercise. Afferent information from the EPR is processed in the nucleus tractus solitarius (NTS). Within the NT, nitric oxide (NO), produced via L-arginine oxidation by neuronal nitric oxide synthase (nNOS), buffers the pressor response to EPR activation. Therefore, EPR overactivity may manifest as a decrease in NO production due to reductions in nNOS. We hypothesized that nNOS protein expression is lower in the NTS of spontaneously hypertensive (SHR) compared with normotensive Wistar-Kyoto (WKY) rats. Further, we examined whether nNOS is expressed with FOS, a marker of neuronal excitation induced by EPR activation. The EPR and mechanoreflex were intermittently activated for 1 h via hindlimb static contraction or stretch, respectively. These maneuvers produced significantly greater pressor responses in SHR during the first 25 min of stimulation. Within the NTS, nNOS expression was lower from Ϫ14.9 to Ϫ13.4 bregma in SHR compared with WKY. For example, at Ϫ14.5 bregma the number of NTS nNOS-positive cells in SHR (13 Ϯ 1) was significantly less than WKY (23 Ϯ 2). However, the number of FOS-positive cells after muscle contraction in this area was not different (WKY ϭ 82 Ϯ 18; SHR ϭ 75 Ϯ 8). In both groups, FOS-expressing neurons were located within the same areas of the NTS as neurons containing nNOS. These findings demonstrate that nNOS protein expression is lower within NTS areas excited by skeletal muscle reflexes in hypertensive rats.
PHYSICAL ACTIVITY INDUCES increases in arterial blood pressure (ABP), heart rate (HR), and sympathetic nerve activity (20, 32) . In hypertension, exercise evokes abnormally exaggerated elevations in each of these variables (2, 9, 27) . This places hypertensive patients at a greater risk for the occurrence of an adverse cardiovascular and/or cerebrovascular event during or immediately after a bout of exercise (6, 21) . As a result, the intensity and duration of exercise prescription at a level that is both safe and therapeutically effective are often limited. Thus determining the cause of the cardiovascular hyperexcitability manifest in hypertension is clinically important.
Exercise-induced autonomic changes in the cardiovascular system are mediated by the central command, the arterial baroreflex and the exercise pressor reflex (EPR; Refs. 4, 18, 19) . Of these, recent evidence in both the animal and human literature suggests that the EPR contributes significantly to the abnormally accentuated circulatory response to exercise in hypertension (2, 22, 23, 38) . Activation of the EPR, a reflex originating in skeletal muscle, is mediated by stimulation of mechanically sensitive receptors located primarily on group III afferent fibers and metabolically sensitive receptors located primarily on group IV afferent fibers (10, 11) . In hypertension, combined or individual activation of either the mechanical (i.e., mechanoreflex) or metabolic component (i.e., metaboreflex) of the EPR results in a heightened sympathetically mediated cardiovascular response (2, 13, 22, 23, 34, 38) . To date, however, the mechanisms underlying EPR overactivity in hypertension remain largely unknown.
The nucleus tractus solitarius (NTS) within the medulla oblongata of the brainstem is a central site of integration for sensory information from skeletal muscle afferents fibers (7, 26, 42) . As evidence, anterograde tracing with biotinylated dextran amine of ascending neuronal projections from the spinal cord, to which skeletal muscle afferents contribute, has demonstrated that these fibers project to the NTS (30) . In addition, electrical stimulation of the tibial nerve, in which group III and IV sensory afferents travel, has been shown to excite NTS neurons (40) . Nitric oxide (NO), produced by nitric oxide synthases (NOS) such as neuronal NOS (nNOS), serves as a neuromodulator evoking or enhancing excitatory and inhibitory neuronal signaling within the brainstem (41) . To this end, previous investigations have demonstrated that NO independently modulates EPR function within the NTS. In barodenervated cats in which the EPR was preferentially activated, increasing NO production in the NTS via microdialysis of the NO-precursor L-arginine significantly attenuated the pressor response to hindlimb muscle contraction (37) . In a separate study, bilateral microdialysis of a nonselective NO inhibitor significantly enhanced the pressor response to hindlimb muscle contraction (15) . These findings suggest that centrally produced NO buffers the pressor response to activation of the EPR. Given this role, it is plausible to suggest that the EPR overactivity that develops in hypertension results from the reduced production/availability of NO within the NTS. Unfortunately, due to the labile nature of NO in oxygenated solutions, it is rapidly oxidized and, therefore, difficult to measure in vivo (39) . As a result, little is known with regard to the changes that occur in NO production within the NTS after the development of hypertension.
In contrast, quantification of NOS expression can be readily assessed in a number of tissues. As NOS is required to produce NO, a downregulation in NOS expression could potentially reduce NO within the NTS and in this manner contribute to EPR overactivity in hypertension. Thus we sought to determine whether nNOS expression is reduced within the areas of the NTS excited by the EPR in hypertensive rats. Areas within the NTS activated by the EPR have been previously identified with immunofluorescence of FOS, the protein product of the early response gene c-fos (16) . Therefore, FOS expression is an accepted marker of neuronal activity induced by stimulation of the EPR. As such, the hypotheses investigated were 1) nNOS protein expression is lower in the NTS of hypertensive compared with normotensive rats, and 2) NTS neurons activated by the EPR (marked by FOS expression) are located in the same areas of the NTS as neurons containing nNOS.
MATERIALS AND METHODS

Ethical Approval and Subjects
All experimental procedures were performed in age-matched, male normotensive Wistar-Kyoto (WKY; n ϭ 25) and spontaneously hypertensive (SHR; n ϭ 22) rats ranging from 14 to 24 wk of age. 
General Surgical Procedures
The same surgical procedures were performed in all animals undergoing reflex testing. Animals were anesthetized with 2-3% isoflurane gas. The level of anesthesia was increased with the presence of a withdrawal reflex to pinching of the hindpaw. Dexamethasone (0.1 cc of 4 mg/ml) was injected intramuscularly to minimize the development of edema. An endotracheal tube was inserted into the airway for mechanical ventilation (Harvard Apparatus). A catheter (polyethylene tubing, PE-50) was inserted into both common carotid arteries and one external jugular vein for the measurement of was and administration of fluids, respectively. To maintain baseline ABP throughout the experimental protocol, a solution (2 ml 1 M NaHCO 3 and 10 ml 5% dextrose in 38 ml Ringer solution) was continuously infused into the jugular vein. Body temperature was maintained between 36.5 and 38°C by an isothermal pad (Deltaphase). A laminectomy was performed exposing the lower lumbar portions of the spinal cord (L 2-L6). The dura of the cord was cut and reflected. The L4 and L5 ventral roots were carefully separated and the peripheral ends were cut and positioned on an insulated bipolar platinum electrode (S88; Grass Instruments). The exposed neural tissue was covered in a pool of warm mineral oil (37°C). The animals were secured in a spinal frame, and the pelvis was stabilized with steel posts. The calcaneal bone of the right hindlimb was cut, and the Achilles' tendon sectioned and connected to a force transducer (FT10; Grass Instruments) for the measurement of muscle tension. The limb was fixed in one position using clamps attached to the tibial bone. Animals were placed into a stereotaxic head frame (Kopf), and a precollicular decerebration was conducted as previously described (36) . Briefly, a bilateral craniotomy was performed and the portion of bone superior to the sagittal sinus was removed. The brain was sectioned immediately rostral to the superior colliculus, and the forebrain was aspirated rendering the animal insentient. At this point, gas anesthesia was discontinued. Oxidized regenerated cellulose was placed around the remaining brain tissue to minimize hemorrhage and the cranial cavity was packed with cotton. Animals recovered from surgery for 1 h before beginning any experimental protocol to allow sufficient time for the effects of isoflurane anesthesia to completely dissipate and ABP to stabilize.
Protocol 1: Exercise Pressor Reflex Testing
Optimal FOS expression, a marker of neuron activity, is induced after 1 h of muscle reflex activation (14) . Therefore, to quantify FOS expression induced by EPR stimulation, we continuously evoked skeletal muscle contraction in the hindlimb for 30 s followed by 30 s of muscle relaxation for a period of 1 h (SHR n ϭ 6; WKY n ϭ 10). The gastrocnemius and soleus muscles of the right hindlimb were contracted by electrical stimulation of the L 4 and L5 ventral roots (constant current stimulation at 3 times motor threshold, pulse duration of 0.1 ms at 40 Hz). Throughout the hour-long protocol, the level of constant current was continually adjusted to maintain the stimulation at three times motor threshold. This procedure allowed simultaneous activation of group III and group IV mechanically and metabolically sensitive skeletal muscle afferent fibers as previously described (36) . In addition to the experimental groups, these surgical procedures were also performed in sham groups of rats (WKY n ϭ 2; SHR n ϭ 2) as a control. In these animals, the isolated ventral roots were not electrically stimulated allowing quantification of basal FOS expression induced by surgical preparation.
Protocol 2: Mechanoreflex Testing
In a set of complementary experiments, mechanoreflex-induced FOS expression was likewise assessed. The rationale for these additional experiments was that 1) stimulation of mechanically sensitive afferent fibers can be readily induced by stretching skeletal muscle lending itself to a 30-s "stimulation/relaxation" protocol, and 2) the mechanoreflex component of the EPR has recently been shown to be dysfunctional in hypertension, producing elevated increases in ABP and sympathetic nerve activity (13, 23) . In a separate group of animals (WKY n ϭ 10; SHR n ϭ 11) than those in which muscle contraction was evoked, mechanically sensitive afferent fibers were preferentially stimulated by passively stretching the soleus and gastrocnemius muscles of the right hindlimb using a calibrated 9.5-mm rack and pinion system (Harvard Apparatus). These hindlimb muscles were passively stretched to 1,200 g of tension for 30 s followed by 30 s of relaxation over a period of 1 h.
Immunohistochemistry
c-fos Gene expression is induced within 30 min following neuronal activation, and FOS (the protein product) reaches maximal expression 60 -90 min thereafter (35) . Therefore, following stimulation of the EPR or mechanoreflex, animals rested for 1 h to ensure maximal FOS expression. Subsequently, rats were transcardially perfused with saline followed by 4% paraformaldehyde for tissue fixation. The brainstem was harvested and stored overnight in 20% sucrose. With the use of visual markers (e.g., 4th ventricle, calamus scriptorius), the tissue was sectioned 1 mm rostral to 1 mm caudal from the calamus scriptorius and blocked. The tissue was then serially cut into 35-m sections using a cryostat (2800 Frigocut; Reichert-Jung) and stored in cryoprotectant at Ϫ20°C. Tissue sections were rinsed in PBS (pH 7.4) and then incubated in 10% normal goat serum/PBS-TX for 1 h at room temperature followed by an overnight incubation at room temperature with primary antibodies raised against rabbit-anti-FOS (1:3,00; SC-52; Santa Cruz Biotechnology) and mouse-anti-nNOS (1:250; SC-5302; Santa Cruz Biotechnology). On day 2, the sections were rinsed in PBS and subsequently incubated in the FOS secondary IgG antibody goat-anti-rabbit Cy 2 (1:500; 111-225-144; Jackson ImmunoResearch) and nNOS secondary IgG antibody goat-antimouse Cy 3 (1:500; 115-165-146; Jackson ImmunoResearch) for 1 h at room temperature. Tissue sections were then rinsed with PBS and mounted on a slide with Immu-mount (Thermo Shandon). WKY and SHR tissue sample batches were stained in parallel to ensure any differences in protein expression were not due to pipette error, pH changes, or other variables. Negative control experiments were performed to ensure the specificity of the antibodies.
Analysis of Tissue Sections
Tissue sections were initially examined with a Zeiss standard microscope (Axio Imager A2) equipped for reflected fluorescence. Fluorophores were visualized independently using a selective filter, and the number of cells positively was stained for FOS and nNOS within the NTS (excluding the commissural NTS) were counted (ImageJ; National Institutes of Health). Beginning at 1 mm caudal to the calamus scriptorius (Ϫ15.4 bregma) and ending at 1 mm rostral to the calamus scriptorius (Ϫ13.4 bregma), the cells counted in three consecutive tissue sections were averaged to represent one group of cells. All sections from one animal were treated as a single sample. Only cells with visible nuclei were included in the analysis. FOS protein expression is localized to the nucleus. Thus cells in which FOS staining was present in the nucleus were considered positive. In contrast, nNOS protein is localized to the cytosol. As such, cells in which nNOS staining was present in the cytosol were considered positive. However, fluorescent microscopy alone cannot distinguish between the colocalization of proteins or overlapping fluorescence from separate cells. Therefore, in one representative WKY and one representative SHR, fluorophores of nNOS and FOS were examined simultaneously using a laser-scanning confocal microscope (Zeiss 510; Zeiss, Oberkochen, Germany) to determine whether the proteins were colocalized within the same NTS neurons. Protein expression within the same orthogonal axis (X-Y, X-Z, and Y-Z planes) confirms that the fluoresced proteins are located within the same cellular dimensions of the tissue slice. A series of optical sections (4-m thickness) were collected, rendered, and processed with LSM Image Browser (National Institutes of Health). The brightness and contrast of the immunofluorescence figures were adjusted using Adobe Photoshop CS3 Extended 10.0 Software (Adobe Systems, San Jose, CA).
Western Blot Analysis
Immunoblot analysis was performed utilizing methods previously described (24, 43) with slight modification. WKY (n ϭ 3) and SHR (n ϭ 3) were anesthetized with 50 mg/kg pentobarbital (Nembutal) and decapitated. The brain was subsequently harvested and flash frozen in liquid nitrogen. With the use of a brain matrix (ASI Instruments), 1-mm thick coronal slices of the brain stem were generated using razor blades. Slices corresponding to those used for immunohistochemical analysis of the NTS were identified (i.e., Ϫ13.4 to Ϫ15.4 bregma). The NTS was punched from the slices using a blunt 19-gauge needle (Hamilton). Frozen NTS tissue was solubilized in Laemmli buffer (60 l, 62.5 mM Tris-Cl, 2% SDS, 160 mM dithiothreitol, 0.001% bromophenol blue, and 6 M urea pH 6.8). Subsequently, 20 l were loaded on a 10% acyrlmide SDS gel (Bio-Rad) and electrophoresed under denaturing conditions and transferred to a polyvinlyidene difluoride membrane in a buffering solution (0.7 glycine and 25 mM Tris base). Membranes were blocked for 1 h with 5% nonfat milk in Tris-buffered saline-Tween 20 (TBS-Tween, 50 mM Tris base, 200 mM NaCl, and 0.1% Tween 20) . Next, at room temperature, membranes were incubated overnight with primary mouse antibody against nNOS (1:100; Santa Cruz Biotechnology). Blots were then rinsed three times with TBS-Tween and incubated at room temperature for 1 h in horseradish-peroxidase-conjugated goatanti-mouse secondary antibody (1:10,000; Santa Cruz Biotechnology). Resultant immunoreactive bands were detected by enhanced chemiluminescence (Thermo Scientific) and captured digitally. The bands of interest were analyzed using densitometry functions of the ImageJ software suite (National Institutes of Health). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) analysis was likewise performed. This required that all blots be reblocked for 1 h at room temperature and incubated overnight with a primary antibody against GAPDH (1:96,000; Santa Cruz Biotechnology).
Analysis of Immunoblots
Digitized images of Western blots were analyzed using ImageJ software (National Institutes of Health). A semiquantitative analysis of nNOS protein expression was determined by measuring the density of the nNOS bands. To control for differences in protein loading, GAPDH was used as an internal standard. Data are expressed as relative nNOS densitometric units normalized to GAPDH.
Data Acquisition and Statistical Analysis
ABP was measured by connecting the arterial catheter to a pressure transducer (ADInstruments). MAP was obtained by integrating the arterial pressure signal with a time constant of 1-4 s. HR was measured using a standard three-lead electrocardiogram (ADInstruments). Hindlimb tension was quantified using a force transducer (FT-10; Grass Instruments). Baseline values for all variables were determined by analyzing 30 s of data a minimum of 1 h postdecerebration before muscle reflex activation. The peak response of each variable was defined as the greatest change from baseline elicited by the experimental stimulus. These peak responses were grouped and averaged in 5-min bins over the 1-h protocol. All data were collected, recorded, and analyzed using commercially available software (PowerLab; ADInstruments). Statistical analyses between and within animal groups were performed using a two-way mixed design ANOVA with a Student-Newman-Keuls post hoc test employed when appropriate. A Student's t-test was used for statistical analysis of Western blot data. Results are presented as means Ϯ SE. The level of significance was set at P Ͻ 0.05. Statistical analyses were conducted using SigmaStat Software (SPSS; Jandel Scientific Software).
RESULTS
Baseline MAP was greater in decerebrate SHR (110 Ϯ 12; n ϭ 19) compared with WKY (78 Ϯ 9; n ϭ 22) rats (P ϭ 0.02). Baseline HR was not significantly different between the two groups (SHR ϭ 463 Ϯ 19; WKY ϭ 412 Ϯ 27). In addition, body weight was not different between SHR (339 Ϯ 7) and WKY (331 Ϯ 6).
Physiological Response to EPR Activation
Congruent with previous reports (38) , electrically induced hindlimb contraction elicited an exaggerated pressor response in SHR animals compared with WKY. As shown in Fig. 1A , SHR had a significantly greater increase in MAP during the first 25 min of the 1-h exercise protocol compared with WKY (P ϭ 0.02). For example, the average change in MAP in response to contraction during the first 5 min of exercise was 19 Ϯ 2 mmHg in SHR compared with 12 Ϯ 3 mmHg in WKY (P Ͻ 0.05). The pressor response to contraction gradually declined over time in both WKY and SHR. The average change in MAP during the first 5 min of electrically stimulated hindlimb contraction was larger in WKY compared with the following 55 min of exercise (P Ͻ 0.001). In SHR, the average change in MAP during contractions developed during the first 5 and 10 min of exercise was significantly greater than the following 50 min of exercise (P Ͻ 0.001). The HR response to contraction was not significantly different between WKY and SHR at any point during the exercise protocol. For example, during the first 5 min of exercise the average change in HR with each contraction in WKY and SHR was 8 Ϯ 3 and 11 Ϯ 3 beats/min, respectively. In addition, electrically induced hindlimb contraction elicited an average peak tension development that was not different between WKY and SHR at any time point. The average peak tension developed in the first 5 min of exercise was 903 Ϯ 127 g in SHR and 862 Ϯ 111 g in WKY. However, as exercise proceeded, there was an overall decrement in peak tension development. At 30 min of exercise peak, tension development was reduced by 49% in SHR and 64% in WKY, while at 60 min of exercise peak tension was reduced by 80% in SHR and 86% in WKY. There was a significant reduction in peak tension development among 5, 10, 15, and 20 min of exercise compared with the last 25 min of exercise in WKY and SHR (P Ͻ 0.001). The decay in peak tension development was most likely due to muscle fatigue. Importantly, in both groups of animals, a pressor response was observed throughout the entire exercise protocol.
Physiological Response to Activation of the Mechanoreflex
In agreement with previous findings (13, 23) , the pressor response to passive stretch of the hindlimb was greater in SHR compared with WKY throughout the 1-h protocol, significantly so during the first 25 min. (Fig. 1B) . For example, the average change in MAP in the first 5 min of exercise was 7 Ϯ 2 mmHg in WKY and 12 Ϯ 2 mmHg in SHR (P ϭ 0.01). The HR response to passive stretch was not significantly different in WKY compared with SHR. The average change in HR through the first 5 min of passive stretch was 3 Ϯ 1 in WKY and 5 Ϯ 1 in SHR. Tension was manually manipulated and remained consistent throughout the experiment. The average tension developed in the first 5 min was 1,298 Ϯ 41 g in WKY and 1,343 Ϯ 28 g in SHR, which was no different from the tension generated in the last 5 min (e.g., 60-min time point), which was 1,288 Ϯ 25 g in WKY and 1,338 Ϯ 36 g in SHR.
nNOS Expression in WKY and SHR Immunohistochemical findings. nNOS protein expression was observed throughout the NTS from Ϫ15.4 to Ϫ13.4 bregma in both WKY and SHR (Fig. 2) . nNOS expression within WKY testing groups (i.e., EPR testing vs. mechanoreflex testing) were not different (P Ͼ 0.05). Likewise, nNOS expression within SHR testing groups were similar. This was expected as nNOS protein is constitutively expressed within the neuronal cells of the NTS in both WKY and SHR and is not affected by acute activation of skeletal muscle reflexes. As such, data within each group was pooled for analysis independent of testing procedure. In contrast, statistically significant differences between groups were present. Specifically, at Ϫ14.9 to Ϫ13.4 bregma, SHR animals had significantly fewer neurons expressing nNOS compared with WKY (P ϭ 0.002; Fig. 3 ). In addition, nNOS protein expression was different between the separate coordinates of the NTS in WKY and SHR (P Ͻ 0.001). In both groups of animals, nNOS expression was significantly greater at Ϫ13.4, Ϫ13.5, and Ϫ13.6 bregma (the more rostral portions of the NTS) compared with all other coordinates. In the tissue sections from Ϫ13.9 to Ϫ14.8 bregma there were a greater number of neurons expressing nNOS compared with the more caudal portions of the NTS (Ϫ15.0 to Ϫ15.4 bregma).
Western blot findings. Analysis of immunoblots demonstrated that NTS nNOS protein levels appeared to be less in SHR compared with WKY (Fig. 4) . However, the difference between groups did not reach statistical significance. It should be noted that the antibody used to assess GAPDH in our studies did not differentiate between the two isoforms of the protein known to be expressed in rats. Therefore, two GAPDH bands were detected during Western blot analysis.
FOS Expression in Response to EPR Activation
One hour of intermittent electrically induced static hindlimb muscle contraction generated FOS expression throughout the NTS in WKY and SHR animals (Fig. 5) . A small amount of FOS expression was elicited in sham control animals that underwent surgical procedures only but to a far lesser extent than that observed in the experimental groups (Fig. 6) . Specifically, at Ϫ14.5 bregma there was significantly less FOS expression in sham animals compared with the experimental group (28 Ϯ 14 and 79 Ϯ 8, respectively; P Ͻ 0.001). There was no difference in the number of cells expressing FOS protein within the NTS of WKY compared with SHR (Fig. 7) . However, FOS expression was significantly different between NTS coordinates (P Ͻ 0.001). Specifically, there were fewer FOS-expressing neurons present at coordinates Ϫ15.4 and Ϫ15.3 bregma compared with coordinates from Ϫ14.8 to Ϫ14.2 bregma.
FOS Expression in Response to Mechanoreflex Activation
Intermittingly stretching hindlimb skeletal muscle for 1 h generated FOS expression throughout the NTS in WKY and SHR animals (Fig. 8) . Within the NTS, FOS expression was not different between WKY and SHR. However, as with the response to muscle contraction, passive stretch induced a larger amount of FOS expression within the nuclei of the NTS from Ϫ14.5 to Ϫ13.4 bregma compared with more caudal coordinates of the NTS (P Ͻ 0.001). Specifically, the least amount of FOS expression was observed at Ϫ15.4 bregma and gradually increased to Ϫ15.1 bregma. The largest amount of FOS expression was observed from Ϫ14.5 to Ϫ14.1 bregma.
Colocalization of FOS and nNOS in the NTS
FOS and nNOS expression was observed in one representative WKY and one SHR using confocal microscopy to determine whether the two proteins were colocalized within the same neurons. Figure 9 demonstrates FOS and nNOS proteins were both expressed within the NTS of WKY and SHR. At ϫ10 magnification (Fig. 9, A and C) , it is evident that many neurons in which FOS expression was induced are in the same area as neurons that constitutively expressed nNOS. At ϫ63 magnification (Fig. 9, B and D) , it is apparent that a small number of neurons in the NTS that constitutively expressed nNOS protein also expressed FOS protein after 1 h of EPR activation as both proteins are located on the same x and y axis of the tissue section. The presence of both proteins along the same orthogonal axis (Fig. 9D) demonstrates that each protein is present within the same cellular structure. Therefore, the NO-producing protein nNOS was located in the same area as or within the same neurons that were excited by activation of skeletal muscle reflexes.
DISCUSSION
To date, the mechanisms underlying EPR dysfunction in hypertension remain relatively unknown. The findings of the present investigation address this gap in knowledge having identified a potential mechanism by which the central integration of EPR afferent signals may be altered in hypertension. The major new findings from the study were 1) throughout the NTS, nNOS protein expression, as assessed by immunohistochemical methods, was lower in SHR compared with WKY; and 2) in both WKY and SHR, regardless of the density of nNOS expression, the majority of nNOS protein within the NTS was within or in the same area as neurons excited by skeletal muscle reflexes. This latter finding suggests that nNOS maintains the potential to directly affect the function of NTS neurons excited by skeletal muscle reflex input. Collectively, given that NOS is important for NO production and NO normally buffers the pressor response to muscle reflex stimulation, these findings support the contention that EPR overactivity manifests in hypertension, in part, as a result of a reduction in nNOS protein expression within the NTS. Another new finding from this investigation was that prolonged (e.g., up to 25 min) intermittent activation of the EPR and mechanoreflex elicited exaggerated pressor responses in SHR compared with WKY similar to those demonstrated previously with more acute bouts of reflex stimulation (13, 23, 38) . These findings suggest, for the first time, that the abnormally large pressor response to muscle reflex activation can be sustained over a relatively long period and should be taken into consideration when performing repetitious forms of exercise after the development of hypertension. The three isoforms of NOS (i.e., nNOS, endothelial NOS, and inducible NOS) are known to be expressed within the NTS (1). As such, a reduction in each or all of these isoforms could potentially effect NO production and thus EPR activity in hypertension. As stated previously, increasing NO production within the NTS of normotensive cats via the dialysis of L-arginine has been shown to attenuate the pressor response to EPR activation (37) . Importantly, this L-arginine-induced attenuation in EPR function was also demonstrated to be prevented by the administration of a nNOS inhibitor. These findings suggest that nNOS is important to the generation of NO within the NTS and EPR activity can be modulated via this pathway. Further, it has been recently demonstrated in normotensive rats that antagonizing NOS activity using the nonselective inhibitor N G -nitro-L-arginine methyl ester recapitulates the abnormal pressor response to mechanoreflex activation characteristic of hypertensive animals (12) . This finding supports the concept that reductions in NO production within the NTS contribute to the generation of abnormal blood pressure control by skeletal muscle reflexes. For this reason, nNOS protein expression was targeted in the current study. Previous investigations have sought to quantify nNOS mRNA levels, protein expression, or activity within the brainstem of normotensive and hypertensive rats. However, these studies have yielded conflicting results and no investigation to date has measured nNOS expression throughout the entire NTS (3, 28, 29, 31) . To this end, our results suggest that nNOS protein expression is lower throughout a large portion of the NTS in SHR (Ϫ14.8 to Ϫ13.4 bregma), specifically in coordinates concomitantly excited by skeletal muscle reflexes as observed via FOS expression. In contrast, at a more rostral coordinate of the NTS (Ϫ13.30 bregma), Ferrari and Fior-Chadi (3) determined that nNOS protein expression was increased in SHR from 15 days postnatal to 12 mo of age in the central NTS while, in the medial NTS, nNOS protein expression increased in SHR up to 4 mo of age but then declined to levels not significantly different from WKY from 4 -12 mo of age. Interestingly, nNOS The number of neurons positive for nNOS protein expression within the NTS was greater in WKY (OE; n ϭ 11) compared with SHR (; n ϭ 11). In both animal groups, nNOS expression was significantly greater at Ϫ13.4, Ϫ13.5, and Ϫ13.6 bregma compared with all other coordinates. Additionally, there were significantly fewer neurons expressing nNOS in the more caudal regions of the NTS (Ϫ13.9 to Ϫ14.8 bregma) *P Ͻ 0.05, significance from SHR. $P Ͻ 0.05, significance from all other coordinates in both groups. #P Ͻ 0.05, significance from coordinates from Ϫ14.9 to Ϫ13.4 bregma in both groups. mRNA expression did not change throughout the lifespan. In our investigation, however, this coordinate of the NTS (Ϫ13.3 bregma) was not observed to express much FOS after EPR or mechanoreflex activation (data not shown). In fact, at this coordinate within the NTS FOS was not present in the same areas as neurons expressing nNOS. This suggests that NTS coordinates more caudal to Ϫ13.3 bregma are essential for the central processing of muscle reflex sensory information. Therefore, nNOS expression within these coordinates provides a better understanding of the possible effects of NO production (or lack thereof) on neurons excited by the EPR and mechanoreflex. Although this study suggests that nNOS protein expression was lower within the NTS of SHR compared with WKY using immunohistochemical techniques corollary densitometric analysis of nNOS Western blots demonstrated that, while expression appeared lower in hypertensive animals, the differences between groups was not statistically significant. The reason for this discrepancy is not clear but may be due to the fact that the latter analysis included NTS tissue harvested from Ϫ13.4 to Ϫ15.4 bregma. This was necessary to obtain sufficient tissue samples for robust immunoblotting as well as to match the NTS area investigated immunohistochemically. Thus portions of the NTS not demonstrating differences in nNOS expression between WKY and SHR by immunohistochemical analysis (i.e., Ϫ15.0 to Ϫ15.4 bregma) may have led to an underestimation of the difference in nNOS protein levels between the two groups. Regardless, it is worthy to note that nNOS expression is not necessarily indicative of nNOS activity. Pontieri et al. (29) demonstrated that basal constitutive NOS activity is significantly depressed in SHR compared with WKY. They further determined that the reduction in NOS activity in SHR was not due to a lack of substrate but hypothesized that it was instead due to a reduction in nNOS protein expression or an uncoupling of nNOS protein. As demonstrated in this investigation, nNOS protein expression appears to be reduced in the NTS likely resulting in a reduction in nNOS activity. As such, this provides a plausible mechanism by which the pressor response to EPR stimulation is dysfunctional in hypertension.
As previously mentioned, the protein product FOS of the early response gene c-fos has been commonly used to label neurons activated under various conditions such as hypotension and exercise (8, 14, 16, 17, 33) . For example, Li et al. (14) have previously used this technique to quantify the number of neurons excited by EPR activation in normotensive cats demonstrating FOS expression within the NTS at 0.6 mm caudal and 0.6 mm rostral to the calamus scriptorius. Expanding this approach to include hypertensive animals, the current investigation determined that there was no significant difference in EPR-induced FOS expression in SHR compared with WKY throughout the NTS. Similar results were obtained when activating neurons via stimulation of the muscle mechanoreflex. Collectively, these data demonstrate that selectively activating mechanically sensitive afferent fibers (i.e., mechanoreflex) as well as the combined activation of mechanically and metabolically sensitive afferent fibers (i.e., EPR) excites a similar number of neurons in the NTS of WKY and SHR. Speculatively, such findings suggest that skeletal muscle afferent input to the NTS is not different between the groups lending support to the hypothesis that alterations in the central integration of this afferent information is largely responsible for the abnormal pressor response observed during exercise in hypertension.
Study Limitations
Several limitations to this investigation are acknowledged. First, NO production was not quantified. As a result, it is not possible to discern whether the decrease in nNOS expression within the NTS of SHR translates into a reduction in NO availability. NO production was not quantified largely due to the difficulty in accurately assessing its production in vivo. This being said, the findings of the current investigation provide the impetus to pursue such studies in the future. Second, we were only able to obtain confocal images from one WKY and one SHR in our attempt to establish colocalization of FOS and nNOS within the same NTS neurons. As a result, extensive quantification of the percentage of FOS-positive cells that contained nNOS, and vice versa, was not possible. Additional studies designed to make such quantifications in NTS subregions known to receive afferent projections from skeletal muscle are warranted. A third limitation was that the arterial baroreflex remained intact during all experimental procedures. Afferent neurons from the baroreflex also terminate in the NTS. Therefore, it is likely that some of the neurons expressing FOS were excited by baroreflex stimulation as opposed to activation by skeletal muscle afferent fibers. To minimize this risk, we excluded neurons from the commissural NTS as baroreflex afferent neurons project primarily to caudal portions Bregma ( of the commissural and medial NTS whereas skeletal muscle afferents project chiefly to the medial and lateral nuclei throughout the caudal and rostral portions of the NTS (5, 14, 16) . In addition, Li et al. (16) have previously compared EPR-induced FOS expression in barodenervated and barointact cats, demonstrating that the former produced only slightly less FOS than the latter. Fourth, in an attempt to match the average level of tension development generated during muscle contraction in previously published reports, tension developed during stretch maneuvers was considerably large. In addition to stimulating mechanically sensitive afferent fibers, the levels of tension generated during stretch may have also activated receptors responsive to noxious stimuli (i.e., nociceptors). As such, it is possible that the pressor responses elicited and the FOS expression induced in the NTS during stretch may have been due, in part, to the activation of afferent fibers responsive to pain. A fifth limitation was that expression of the endothelial and inducible isoforms of NOS was not assessed. It is possible that alterations in the expression of either of these isoforms of NOS could likewise affect EPR function in hypertension. Finally, other nuclei within the medulla important to the central processing of EPR afferent information, such as the rostral and caudal ventrolateral medulla, were not investigated and could prove to play an important role in the generation of EPR dysfunction in hypertension.
Summary
In conclusion, this investigation has demonstrated that the heightened pressor response to activation of the EPR, as well as its mechanical component, in hypertensive rats is not only present during acute reflex activation but can be maintained over a prolonged period of time. Importantly, nNOS protein expression appeared to be lower throughout the NTS in hypertensive compared with normotensive animals and likely contributes to the generation of the abnormal blood pressure response to physical activity. Further, in both SHR and WKY animals, nNOS was located within the same areas of the NTS or, in some cases, within the same neurons in the NTS excited by skeletal muscle reflexes. This is an important finding, as it suggests that NTS neurons receiving afferent reflex input may be directly influenced by nNOS activity. Given that NOS is requisite for the production of NO and NO normally modulates the reflex-induced increase in ABP in an inhibitory fashion, these findings support the hypothesis that muscle reflex overactivity is generated, at least in part, by a reduction in nNOS protein within the NTS. As the circulatory response to exercise is exaggerated in hypertension, the risk for the occurrence of a deleterious cardiovascular or cerebrovascular event during or immediately after a bout of exercise is increased. The findings of the current study aid in determining the mechanisms under- lying this cardiovascular hyperexcitability and may lead to the development of effective treatments for reducing the risks inherent to exercise in this disease.
